We examined the effects of nucleoside monophosphates on the dissociation of actomyosin into myosin and actin. GMP was effective only among GMP, CMP, dTMP, and UMP. Hence we concluded that purinebased nucleoside monophosphates such as GMP, AMP, and IMP are effective, incorporating this with our previous results (Okitani A et al., Biosci. Biotechnol. Biochem., 72, 2005-2011 (2008 ). Then we examined whether IMP enhances the extraction of myosin and actin as well as pyrophosphate (KPP), using homogenates of pork with 9 volumes of 0.3, 0.4, and 0.5 M NaCl solutions containing 0-36 mM IMP or 0-9 mM KPP. Maximum extractability, about 70% for both proteins, was attained by means of NaCl solutions containing 36 mM IMP. These values were comparable to the maximum values, about 90% for myosin and 50% for actin, attained by means of solutions containing 9 mM KPP. Hence we concluded that IMP enhances the extraction of myosin and actin from porcine meat.
In a previous study, 1) we found that actomyosin is dissociated into myosin and actin by AMP and IMP, but is not dissociated by ADP, inosine, or adenosine. The dissociation of actomyosin by AMP and IMP was found in invertebrate tissue (squid muscle) and vertebrate tissue (chicken, pork, and beef) under physiological salt concentrations and pH values. These results suggest that actomyosin is dissociated by a nucleoside monophosphate group such as AMP or IMP.
The present study was conducted to ascertain whether other nucleoside monophosphates dissociate actomyosin into myosin and actin. We concluded that prine-based nucleoside monophosphates such as GMP, AMP, and IMP are effective. This suggests that IMP and GMP, employed as umami seasoning, are usable in sausage making in place of pyrophosphate.
Sausage is a processed food made by heat-induced gelation of meat proteins. The resulting binding properties are essential to the process.
There have been numerous studies on the role of myofibrillar proteins, especially myosin and actin, in the binding properties of meat paste. Myosin is essential for the binding property, 2) and forms a network structure in the heat-induced gel. [3] [4] [5] [6] [7] [8] On the other hand, adding actin at a concentration lower than that found in meat enhances the strength of the heat-induced gel formed by myosin monomers, 9, 10) but there have been few studies of the role of actin in gel formation.
Myosin is a salt-soluble protein. It is known that actomyosin is a complex formed by the interaction of myosin and actin. Actomyosin is also a salt-soluble protein. The salt concentration necessary to dissolve actomyosin is higher than that required to dissolve myosin (0.27 M).
11)
The binding property of myosin is higher when it is solubilized. Therefore, the solubilization of myosin and/ or actomyosin is essential in meat paste for the production of sausages.
ATP in meat disappears with postmortem duration. As a result, myosin in thick filaments and actin in thin filaments combine to form a rigor complex, actomyosin. The formation of a rigor complex results in lowering the extractability of myosin at low NaCl concentrations, about 2% (0.34 M). Thus a high NaCl concentration, above 3% (0.5 M), is needed for the extraction and solubilization of actomyosin. It has been found that actomyosin is dissociated into myosin and actin in the presence of pyrophosphates. [12] [13] [14] This facilitates the extraction of myosin from myofibrils of the rabbit, 15 ) the beef, 16) and the chicken 17) and porcine meat. 18) Consequently, pyrophosphates are often used to strengthen the binding properties of sausages at low NaCl concentration of about 2%.
This background led us to infer that similarly to pyrophosphates, AMP, IMP, and GMP can dissociate actomyosin into myosin and actin in meat paste and dissolve myosin at low salt concentrations.
IMP is widely used in Asia as an umami seasoning. Hence, in the present study, IMP was mixed with pork homogenate at a low salt concentration, below 3%, and its effect on the extraction of myosin and actin from porcine meat was determined and compared to that of pyrophosphate.
In addition, the effect of GMP also was examined. It was found that GMP functioned in almost the same manner as IMP. Here, we describe in detail the effect of IMP, which is more popular than GMP in the food industry.
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Materials and Methods
Materials. For the preparation of actomyosin, meat (M. longissimus dorsi) of Berkshire pigs was obtained from retail stores and immediately minced in a meat chopper. Nucleoside monophosphates, GMP, CMP, dTMP, and UMP, were purchased from Wako Pure Chemical Industries (Osaka, Japan). For extraction of myofibrillar proteins, cuts of fresh meats (mainly M. semimenbranosus, M. adductor, and M. gracilis) of Large White Â Landrace Â Duroc crossbreed pigs (n ¼ 3) were obtained from retail stores and immediately minced in a meat chopper after removal of fat and connective tissues. The minced meat was vacuum-packed and stored at À20 C until use. Tetrapotassium pyrophosphate (KPP) was purchased from Wako and IMP was from Tokyo Chemical Industries (Tokyo). All other chemicals were of analytical grade.
Preparation of actomyosin. Following a conventional method, 19) minced meat was mixed with 6 volumes of Weber-Edsall solution (0.6 M KCl, 0.04 M NaHCO 3 , and 0.01 M Na 2 CO 3 ) and left to stand at 4 C for 24 h. The mixture was centrifuged and the supernatant obtained was diluted with distilled water to a concentration of 0.2 M KCl. After dilution, the precipitate was dissolved in 0.6 M KCl. The protein was refined by 3 repetitions of the dilution method.
Incubation of actomyosin with GMP, CMP, dTMP, and UMP. Actomyosin solution (0.4 mL of 5 mg/mL protein in 0.6 M KCl) was made up to 1.2 mL of incubation mixture containing 1.67 mg/mL of actomyosin, 0.2 M KCl, 20 mM Tris-HCl buffer (pH 7.2), 2 mM NaN 3 , and 8 mM GMP, CMP, dTMP, or UMP. The mixture was incubated at 0 C for 16 h and then centrifuged at 12;000 g for 20 min. The supernatant was diluted with a two-thirds volume of 10 mM Tris-HCl buffer (pH 7.2) solution containing 0.1 M NaCl and 1 mM NaN 3 (solution NT), and then subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The samples (13 mL each) loaded in the wells contained the proteins derived from 13.4 mg of actomyosin.
Extraction of myofibrillar proteins. Minced meat (3 g) was mixed with 9 volumes (27 mL) of each extraction solution and homogenized twice at 12,000 rpm for 30 s with a homogenizer (Excel Auto, Nippon Seiki, Nagaoka, Japan). The extraction solutions were 0.3, 0.4, and 0.5 M NaCl solutions containing 0, 9, 18, or 36 mM IMP or 0, 3, 6, or 9 mM KPP. After the addition of the 0.3, 0.4, and 0.5 M NaCl solutions, the total KCl and NaCl concentrations of the homogenates were 0.29, 0.38, and 0.47 M respectively, as the KCl concentration of the minced meat was assumed to be 0.2 M. The addition of IMP and KPP diluted the concentrations in the homogenate to 0.9-fold of the initial ones. The homogenate was allowed to stand at 4 C for 12 h, and then was centrifuged at 12;000 g for 20 min. The dissolved protein in the supernatant was defined as extracted proteins. The supernatant and homogenate were diluted with 2 volumes of solution NT and subjected to SDS-PAGE. The sample (10 mL) loaded in each of the various wells contained protein derived from 74 mg of minced meat. 20) with a 10% gel. Proteins were stained with Coomassie Brilliant Blue R250. In the case of the determination of myosin and actin extractability, a precast gel (e-PAGEL E-T 10L, ATTO, Tokyo), a buffer for electrophoresis (AE-1410 EzRun, ATTO), and a stain solution (AE-1340 EzStain Aqua, ATTO) were used.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was carried out by the method of Laemmli
Determination of the extractability of myosin and actin by densitograph. The density of the bands on the SDS-PAGE profiles was measured with a densitograph (AE-6933FXCF, ATTO). Extractability was calculated by the following formula:
where D s is the density of the protein band of the myosin heavy chain (MHC) or actin in the supernatant, and D h is the density of the protein band of MHC or actin in the homogenate.
Protein determination. The protein concentration was determined by the Biuret method 21) using bovine serum albumin as standard.
Statistics. Extractability was expressed as means of triplicate AE standard errors.
Results and Discussion
Effects of GMP, CMP, dTMP, and UMP on actomyosin
The method used to test the effects of nucleoside monophosphates was based on the fact that actomyosin is insoluble in 0.2 M KCl at neutral pH. Myosin and actin can be detected in the supernatant if dissociation of actomyosin occurs. Protein bands corresponding to the myosin heavy chain (MHC) and actin were observed in a lane loaded with whole actomyosin incubated without nucleoside monophosphates (Fig. 1, lane a) . The actomyosin showed typical native actomyosin. Small amounts of MHC and actin were observed in a lane loaded with the supernatant of actomyosin, indicating that most of the actomyosin was not dissociated (Fig. 1,  lane b) .
When actomyosin was incubated with GMP, CMP, dTMP, or UMP, large amounts of MHC and actin were observed in the supernatant from the sample with GMP (Fig. 1, lane c) . In the samples with CMP, dTMP, and UMP (Fig. 1, lanes d, e, and f) , small amounts of MHC and actin were observed in the supernatant, similarly to the control (Fig. 1, lane b) .
These results indicate that GMP has the ability to dissociate actomyosin into myosin and actin, like AMP and IMP, which were found to have this ability in our previous study.
1) The present study also indicates that CMP, dTMP, and UMP have no this ability.
AMP, IMP, and GMP, which are capable of dissociating actomyosin, contain adenosine, inosine, and guanosine respectively as bases. These are purine derivatives. In contrast, CMP, dTMP, and UMP, which are unable to dissociate actomyosin, contain cytosine, thymine, and uracil respectively as bases. These are pyrimidine derivatives. The present study suggests that the bases of purine derivatives are essential for the dissociation of actomyosin into myosin and actin by nucleoside monophosphates. The reason remains to be clarified. Effect of IMP on myosin extraction from porcine meat Homogenates were prepared by adding 9 volumes of 0.3, 0.4, and 0.5 M NaCl solutions containing 9, 18, and 36 mM IMP to minced pork. After the homogenate was allowed to stand at 4 C for 12 h, the relative amounts of extracted myosin were determined from a SDS-PAGE pattern. Figure 2 shows a typical SDS-PAGE pattern of proteins extracted with 0.4 M NaCl solutions containing various concentrations of IMP. The extractability of myosin was calculated from the amount of MHC in these patterns. The extractability of myosin obtained under various conditions is shown in Fig. 3A .
For comparison with the effect of IMP, NaCl solutions containing 3, 6, and 9 mM KPP were used (Fig. 3B) .
In the case of extraction solutions of 0.3 M NaCl, extractability was 0.3% in the absence of IMP and of KPP, indicating that myosin was hardly extracted. The addition of 9 mM IMP to the NaCl solution exhibited low extractability, 2.1%. The IMP concentration in the homogenate in this case was 8.1 mM, almost equal to the highest value reported as the concentration of IMP produced by the degradation of ATP in postmortem meat. 22) Hence it was assumed that endogenous IMP does not influence myosin extractability even if meat containing 8 mM IMP is homogenized in 0.3 M NaCl for sausage making. The addition of 18 mM IMP exhibited low extractability, 4.7%, but the addition of 36 mM IMP exhibited a fairly high extractability, 29.7%. Thus it was found that IMP enhanced the extraction of myosin from porcine meat.
On the other hand, the addition of 3 mM KPP to the 0.3 M NaCl solution exhibited high extractability, 62.5%, almost 2-fold the value obtained with 36 mM IMP. Extractability increased to 83.1% with 6 mM KPP, and reached 93.1% with 9 mM KPP, indicating that the myosin was extracted for the most part. When the NaCl solution containing 9 mM KPP was added to minced pork, the KPP concentration was 8.1 mM in the homogenate obtained. In a previous study, myosin was extracted for the most part when 8 mM pyrophosphate was added to porcine meat under the 0.3 M NaCl condition. 18) Our results are consistent with this. In this connection, KPP at 8 mM or below is used nowadays in the industrial production of hams and sausages.
All the results described above indicate that in the case of extraction solutions of 0.3 M NaCl, IMP is ineffective in enhancing myosin extractability at 9 mM and 18 mM, but fairly effective at 36 mM, and that KPP is markedly effective at concentrations of 3, 6, and 9 mM. These facts suggest that the action mode towards myosin filaments in myofibrils is different as between IMP and KPP.
In the case of extraction solutions of 0.4 M NaCl, extractability was 0.5% in the absence of IMP and of KPP, indicating that myosin was scarcely extracted. The addition of IMP to the NaCl solutions enhanced extractability. The values were 16.0, 58.3, and 66.6% at 9, 18, and 36 mM IMP respectively. These increased with increased concentrations of IMP, and are higher than the values obtained in the case of the 0.3 M NaCl solutions. On the other hand, the addition of KPP to the 0.4 M NaCl solutions brought about extractability of 76.5, 81.0, and 92.0% at 3, 6, and 9 mM KPP respectively. Even KPP at 3 mM, the lowest concentration used, was remarkably effective. Each value is almost equal to the corresponding one obtained in the case of the 0.3 M NaCl solutions, unlike the case of IMP.
In the case of extraction solutions of 0.5 M NaCl, extractability was 6.4% in the absence of IMP and of KPP, indicating that myosin was still scarcely extracted. The addition of IMP to the NaCl solutions enhanced extractability. The values were 54.4, 55.1, and 71.1% at 9, 18, and 36 mM IMP respectively. The value at 9 mM IMP was higher than that obtained in the case of the 0.4 M NaCl solutions, whereas the values at 18 and 36 mM IMP were almost equal to those obtained in that case. Thus it was found that the enhancing effect of increased NaCl concentrations appears only at 9 mM IMP. On the other hand, the addition of 3, 6, and 9 mM KPP to the 0.5 M NaCl solutions brought about almost the same extractability as in the case of the 0.4 M NaCl solutions.
On the basis of the results described above, we concluded that IMP has an ability to enhance the extractability of myosin from porcine meat and that this ability might be attributable to its ability to dissociate actomyosin into myosin and actin. The maximum value of extractability, about 70%, was obtained with 0.4 and 0.5 M NaCl solutions containing 36 mM IMP. On the other hand, the maximum value, about 90%, was obtained with 0.3, 0.4, and 0.5 M NaCl solutions containing 9 mM KPP. This suggests that IMP can be useful as a substitute for pyrophosphate in the process of producing sausages and hams.
Another result to be noticed is that the effect of IMP was enhanced by increasing the NaCl concentration, whereas the effect of KPP was less influenced by the NaCl concentration. It is of interest to clarify the reason for this difference between IMP and KPP.
Effect of IMP on actin extraction from porcine meat We observed concomitantly in the experiments described above that the extractability of actin from minced pork was also influenced by IMP, as shown in Fig. 2 . Hence we determined the extractability of actin under the same conditions as used for myosin extraction. The results are shown in Fig. 4A and B.
In the case of extraction solutions of 0.3 M NaCl, extractability was 4.6% in the absence of IMP and of KPP, indicating that actin was scarcely extracted. The addition of 9 and 18 mM IMP to the NaCl solutions brought about low extractability, 6.9 and 9.2% respectively, indicating that extractability was slightly enhanced by low concentrations of IMP. The addition of 36 mM IMP brought about high extractability, 32.3%. On the other hand, the addition of KPP to the 0.3 M NaCl solutions brought about extractability of 20.7, 33.1, and 55.0% at 3, 6, and 9 mM respectively. The value obtained with 9 mM KPP was considerably higher than the ones obtained with 36 mM IMP.
All the results described above indicate that in the case of the 0.3 M NaCl solutions, IMP was ineffective in enhancing actin extractability at 9 and 18 mM, but fairly effective at 36 mM, and that KPP was effective even at 3 and 6 mM. These differences in effectiveness as between IMP and KPP are similar to those observed for myosin extractability.
In the case of extraction solutions of 0.4 M NaCl, extractability exhibited a low value, 6.2%, in the absence of IMP and of KPP. The addition of IMP to the NaCl solutions brought about extractability of 14.9, 58.6, and 68.7% at 9, 18, and 36 mM respectively. The value rose with increasing concentrations of IMP, and each value was considerably higher than the corresponding one obtained in the case of the 0.3 M NaCl solutions. On the other hand, the addition of KPP to the 0.4 M NaCl solutions brought about extractability of 34.5, 40.8, and 44.9% at 3, 6, and 9 mM respectively. KPP was fairly effective even at 3 mM, and the increase in the KPP concentration from 3 mM to 6 or 9 mM did not much enhance extractability. It is noteworthy that the value obtained with 9 mM KPP was considerably lower than the ones obtained with 36 mM IMP.
In the case of extraction solutions of 0.5 M NaCl, extractability still exhibited a low value, 10.5%, in the absence of IMP and of KPP. The addition of IMP to the NaCl solutions brought about extractability of 57.4, 59.5, and 74.7% at 9, 18, and 36 mM respectively. The value at 9 mM IMP was higher than the one obtained in the case of the 0.4 M NaCl solutions, whereas the values at 18 and 36 mM IMP were almost the same as in that case. Thus it was found that the effect of raising NaCl concentration appeared only at 9 mM IMP. On the other hand, the addition of 3, 6, and 9 mM KPP to the 0.5 M NaCl solutions brought about almost the same extractability as in the case of the 0.4 M NaCl solutions.
On the basis of all the results described above, we concluded that IMP can enhance the extractability of actin from porcine meat, and that this ability might be attributable to its ability to dissociate actomyosin into myosin and actin. The maximum value of extractability, about 70%, was obtained with 0.4 and 0.5 M NaCl solutions containing 36 mM IMP. This value is considerably higher than the maximum value, about 50%, obtained with 0.3, 0.4, and 0.5 M NaCl solutions containing 9 mM KPP. As described above, the maximum value of extractability obtained by IMP was about 70% for both myosin and actin, whereas those obtained by KPP were about 50% for actin and 90% for myosin. This suggests that the action mode towards myofibrils is different as between IMP and KPP. It is of interest to clarify the reason. Furthermore, it is important to clarify the role of actin extracted by IMP or KPP in determining the quality of hams and sausages. The present results are expected to be useful in this connection.
A B Fig. 4 . Effects of IMP and KPP under Various NaCl Concentrations on the Extractability of Actin. The extractability of actin was determined by homogenizing porcine meat with 9 volumes of 0.3 ( ), 0.4 ( ), and 0.5 ( ) M NaCl solutions containing 0-36 mM IMP (A) or 0-9 mM KPP (B). Results are presented as mean AE standard error of three independent measurements. Other conditions are described in ''Materials and Methods.''
